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Réseau cellulaire
Ï BS, MS, point d’accès, réseau hétérogène
Ï Ressources partagées (temps, fréquence, espace)
Ï Réseau de grande taille
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Le modèle historique
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Ï Réseau cellulaire hexagonal
Ï Pavage périodique
Ï BS au centre des cellules
Ï Motif : 1, 3, 4, 7. . . cellules
Ï Réduction des interférences
Ï Réutilisation de fréquence
Ï Tri-sectorisation
Ï Limitations
Ï Formule analytique simple pour
un faible nombre de motifs
Ï Surestime les performances du
réseau
W. Lee, « Overview of cellular CDMA », IEEE Transactions on Vehicular Tech-
nology, vol. 40, p. 291–302, mai 1991
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Réseau 4G Orange à Rennes
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laboratoires	de	mesures,	...).
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Géométrie aléatoire
ANDREWS et al.: A TRACTABLE APPROACH TO COVERAGE AND RATE IN CELLULAR NETWORKS 3123
additionally suffer from issues regarding repeatability and
transparency, and they seldom inspire “optimal” or creative
new algorithms or designs. It is also important to realize that
although widely accepted, grid-based models are themselves
highly idealized and may be increasingly inaccurate for the
heterogeneous and ad hoc deployments common in urban
and suburban areas, where cell radii vary considerably due
to differences in transmission power, tower height, and user
density. For example, picocells are often inserted into an
existing cellular network in the vicinity of high-traffic areas,
and short-range femtocells may be scattered in a haphazard
manner throughout a centrally planned cellular network.
B. Our Approach and Contributions
Perhaps counter-intuitively, this paper addresses these long-
standing problems by introducing an additional source of
randomness: the positions of the base stations. Instead of
assuming they are placed deterministically on a regular grid,
we model their location as a homogeneous Poisson point
process of density 𝜆. Such an approach for BS modelling
has been considered as early as 1997 [14]–[16] but the key
metrics of coverage (SINR distribution) and rate have not
been determined1. The main advantage of this approach is
that the base station positions are all independent which
allows substantial tools to be brought to bear from stochastic
geometry; see [18] for a recent survey that discusses additional
related work, in particular [19]–[21]. Although BS’s are not
independently placed in practice, the results given here can
in principle be generalized to point processes that model
repulsion or minimum distance, such as determinantal and
Matern processes [22], [23]. The mobile users are scattered
about the plane according to some independent homogeneous
point process with a different density, and they communicate
with the nearest base station while all other base stations act
as interferers, as shown in Fig. 1.
From such a model, we achieve the following theoretical
contributions. First, we derive a general expression in Theo-
rem 1 for the probability of coverage in a cellular network
where the interference fading/shadowing follows an arbitrary
distribution. The coverage probability is the probability that a
typical mobile user is able to achieve some threshold SINR,
i.e. it is the complementary cumulative distribution function
(CCDF) of SINR. This expression is not closed-form but also
does not require Monte Carlo methods. This is generalized to
include an arbitrary desired received signal power distribution
in Lemma 1, and then simplified for a number of special
cases, namely combinations of (i) exponentially distributed
interference power, i.e. Rayleigh fading, (ii) path loss exponent
of 4, and (iii) interference-limited networks, i.e. thermal noise
is ignored. These special cases have increasing tractability and
in the case that all three simplifications are taken, we derive
a remarkably simple formula for coverage probability that
depends only on the threshold SINR. We compare these novel
theoretical results with both traditional (and computationally
intensive) grid-based simulations and with actual base station
locations from a current cellular deployment in a major urban
1The paper [17] was made public after submission of this paper and
contains some similar aspects to the approach in this paper.
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Fig. 1. Poisson distributed base stations and mobiles, with each mobile
associated with the nearest BS. The cell boundaries are shown and form a
Voronoi tessellation.
area. We see that over a broad range of parameter and
modeling choices our results provide a reliable lower bound to
reality whereas the grid model provides an upper bound that
is about equally loose. In other words, our approach, even in
the case of simplifying assumptions (i)-(iii), appears to not
only provide simple and tractable predictions of the SINR
distribution in a cellular network, but also accurate ones.
Next, we derive the mean achievable rate in our proposed
cellular model under similar levels of generality and tractabil-
ity. The two competing objectives of coverage and rate are then
explored analytically through the consideration of frequency
reuse, which is used in some form in nearly all cellular
systems2 to increase the coverage or equivalently the cell
edge rates. Our expressions for coverage and rate are easily
modified to include frequency reuse and we find the amount
of frequency reuse required to reach a specified coverage
probability, as well as seeing how frequency reuse degrades
mean rate by using the total bandwidth less efficiently.
II. DOWNLINK SYSTEM MODEL
The cellular network model consists of base stations (BSs)
arranged according to some homogeneous Poisson point pro-
cess (PPP) Φ of intensity 𝜆 in the Euclidean plane. Consider
an independent collection of mobile users, located according
to some independent stationary point process. We assume each
mobile user is associated with the closest base station; namely
the users in the Voronoi cell of a BS are associated with it,
resulting in coverage areas that comprise a Voronoi tessellation
on the plane, as shown in Fig. 1.
2Even cellular systems such as modern GSM and CDMA networks that
claim to deploy universal frequency reuse still thin the interference in time
or by using additional frequency bands – which is mathematically equivalent
to thinning in frequency.
Ï Faune PP
Ï Poisson, binomial,
Matérn, détermina tal,
Ginibre, Cox, Strauss. . .
Ï Homogène, stationnaire
Ï Mes re aléatoire, ens mble
aléatoire
Ï Distribution conjointe du
nombre de points par espace
mesurable
H. ElSawy, A. Sultan-Salem, M. S. Alouini et M. Z. Win, «Modeling and analysis
of cellul r netw rks using stocha ic geometry : A tutorial », IEEE Communica-
tions Surveys and Tutorials, vol. PP, no. 99, p. 1–37, 2016
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Modèle de communication
Ï Réseau cellulaire de grande taille
Ï Liaison descendante
Ï Distributions PPP indépendantes BS et MS, densités λb et
λu : distribution pu MS par BS, K MS dans le réseau
Ï BS à M antennes, MS à 1 antenne : M ≥ u MS par canal
d’accès par cellule, précodage w ∈CM×1
Ï Canal de transmission : exponant d’atténuation α,
évanouissements Rayleigh h∼CN M×1(0,1), bruit σ2
Ï CSI, synchro parfaites
Ï Modèle de consommation BS
1
η
Pt +MPC +P0 (linéaire),
Pt
u
(uniforme)
Ï Paquets de grande taille, signaux de com. gaussiens
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Modèle de communication
Ï Signal MS k , BS 0 à u0 MS
yk =
√
Ptr
−α
0k
u0
hH0kw0kx0k︸ ︷︷ ︸
signal utile
+
∑
{i ,j}∈I
√
Ptr
−α
ik
ui
hHikwijxij︸ ︷︷ ︸
interférences
+ nk︸︷︷︸
bruit
Ï SINR typique MS k
γ(u0)=
Pt r
−α
0k
u0
∣∣hH0kw0k ∣∣2∑
j 6=k
Ptr
−α
0k
u0
∣∣∣hH0kw0j ∣∣∣2︸ ︷︷ ︸
interférence intra-cellule
+
∑
i 6=0
j ′ 6=j ,k
Ptr
−α
ik
ui
∣∣∣hHikwij ′∣∣∣2
︸ ︷︷ ︸
interférence extra-cellule
+σ2
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Précodeur
Ï Optimal argmax
w0k
γ(u0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . complexité
Ï Optimal linéaire : MMSE . . . . . . . . . . . . . . . . . . . . . . . . . complexité
Ï Sous-optimal : SLNR + contrainte puissance moyenne
θ(k)=
Pt
u0
r−α0k w
H
0kh0kh
H
0kw0k
wH0k
Pt
u0
HkDkH
H
k w0k︸ ︷︷ ︸
fuite
+‖w0k‖22σ2IM︸ ︷︷ ︸
bruit

Hk =
[
h01, · · · ,h0(k−1),h0(k+1), · · · ,h0K
]
Dk = diag
(
r−α01 , · · · ,r−α0(k−1),r−α0(k+1), · · · ,r−α0K
)
w∗0k = argmaxw0k θ(k)=
(
HkDkH
H
k +
σ2u0
Pt
IM
)−1
h0k
E
[∥∥∥∥(HkDkHHk + σ2u0Pt IM
)−1
h0k
∥∥∥∥]
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Mesure de performance
Ï ASE ergodique (centré BS)
ASE=λbSE=λb
M∑
u0=1
u0×Eγ
[
log2
(
1+γ(u0)
)]
×pu(u0)
Ï EE (centré BS)
EE= SE
pu(0)b+ (1−pu(0))( 1ηPt +MPC +P0)
Ï Approximations
Eγ
[
log2
(
1+γ(u0)
)]
≤Er01
[
log2
(
1+Eh,rik [γ(u0)
∣∣r01])]
E [γ]≈ E [N]
E [D]
lim
K ,M→∞
K
M
= cte (calcul des |hHw| du SINR)
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Mesure de performance
Ï Transformée de Stieltjes (matrice aléatoire)
Ï Théorème de Campbell (géométrie aléatoire)
E
[ ∑
x∈X
g(x)
]
=
∫
D
g(x)dM(x)
PPP= λ
∫
D
g(x)dx
Ï Résultats
5.6. Evaluation of expressions of ASE and EE
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Figure 5.3 – EE vs. BS transmit power
0 200 400 600 800 1000
ASE (b/s/Hz/km
2
)
0
0.01
0.02
0.03
0.04
0.05
0.06
E
E
 (
b
/J
/H
z
)
theo, ρ = 0.0077
theo, ρ = 0.016
theo, ρ = 0.1
sim, ρ = 0.0077
sim, ρ = 0.016
sim, ρ = 0.1
(a) M = 10, λu = 5 ·10−4 m−2
0 50 100 150 200 250
ASE (b/s/Hz/km
2
)
0
0.01
0.02
0.03
0.04
0.05
0.06
E
E
 (
b
/J
/H
z
)
theo, M = 10
theo, M = 20
theo, M = 30
sim, M=10
sim, M=20
sim, M=30
(b) ρ = 0.0077, λu = 5 ·10−4 m−2
Figure 5.4 – EE vs. ASE
and ρ with constant λu on ASE and EE in details in Section. 5.8.
Last but not least, our theoretical findings are very tight compared to the simulations results.
The maximum value of the relative error considering all the simulations is about 3%. This small
relative error indicates a good match between the simulations and the analytical expressions
suggesting that the analytical expressions of ASE and EE can be used as a good approximation of
exact values even for M and Nau as small as 10 and 2500 respectively. Moreover, despite the fact
that the analytical expressions for ASE and EE developed from Theorem 5.1 to 5.4 are relatively
116
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